Ion-implantation-induced extended defect formation and annealing processes have been studied in GaAs. Mg, Be, Si, Ge, and Sn ions were implanted between 40 and 185 keV over the dose range of 1 X 10t3-1 X 1015/cm2. Furnace annealing after capping with S&N4 was performed between 700 and 900 "C for times between 5 min and 10 h. Plan-view and crosssectional transmission electron microscopy results were correlated with secondary-ionmass spectroscopy profiles. The results indicate subthreshold (type-I) defect formation occurs at a dose of 1 X 10i4/cm2 for high-energy, light (Mg, Be) ions but not for heavier ions (Si, Ge, Sn) at shallower projected ranges ( < 500 A). Si and Ge implants at a dose of 1 x 10's/cm2 both show extended defect formation upon annealing that is believed to be precipitation related (type-V defects). For Si implants, these dislocation loops are eliminated after 10 h at 900 "C. Upon annealing 1 X 1015/cm2 Sn implants, unusual precipitate motion both toward the surface and into the crystal was observed. Type-II defects are observed but only in the as-implanted cross section. In addition, a layer of dislocatiqn loops formed at a depth much greater than the type-II defect layer. These defects appear to be a new type of defect possibly related to either the different binary recoil distributions of Ga and As or differences in vacancy and interstitial diffusivities. It is shown that, with modifications to account for the binary nature of the target, the classification scheme developed for extended defects in silicon can be applied to implantation of gallium arsenide.
I. lNTRODUCTlON
Ion implantation of GaAs has been used for a number of years for both doping and isolation purposes in microelectronic applications, as well as for superlattice mixing in optoelectronic applications. ' The interaction between implantation-related point~defects, impurity diffusion, and extended defect formation is well documented in silicon.2*3 For dopant implantations in GaAs, it is generally recognized that point defects, rather than extended defects, are more important for electrical activation.4y5 However, it has been shown that dislocations can indirectly influence the electrical activation.6 '7 In addition, recent results indicate the point defects introduced by the ion implantation process can affect the subsequent diffusion processesg-'2 as well as the process of extended defect formation. Finally, for superlattice intermixing studies, dislocation loop formation has been shown to retard the interdiffusion process.13 Thus, there is a need to understand the source of extended defects, in order to optimize the modelling of diffusion, electrical activation, and superlattice mixing in ion-implanted GaAs.
The sources of ion-implantation-related defects in Si and GaAs have been investigated for a number of years. For silicon studies, this culminated in a five category classification scheme for defects based on their origin3 Type-I (subthreshold) defects form above a certain dose (1 x 1014/cm2) but prior to amorphization. They are generally observed for lighter ion implantation. Type-II (end of range), -111 (solid-phase regrowth related), and -IV (clamshell) defects are associated with amorphization and regrowth. Because of their dependence on the amorphization process, these defects in general are very sensitive to the point defects that arise from the elastic collision processes and, therefore, their formation kinetics .are more sensitive to ion mass than species. Type-V (precipitation related) defects arise upon annealing impurity profiles that exceed the solid solubility of the host matrix. The most common form are precipitates, although other defects such as dislocation loops can'arise'from the precipitation process.
In general, most of the previous transmission electron microscopy (TEM) studies of implanted GaAs lack the combination of as-implanted and annealed cross-sectional samples necessary to determine the position of extended defects relative to the damage density distribution and the ion distribution. This correlation is essential to discern the source of the defects. In spite of the absence of such a correlation, the following observations have been made. Extrinsic dislocation loops have been reported upon annealing high-energy (>I90 kev), low-dose (<5X1014/cm2) Sef, 14 P+, 15 and Si+ (Ref. 169 implants. These dislocation loops are probably type-1 defects. Type-III defects always form upon solid-phase epitaxial regrowth of any amorphous layers in implanted GaAs, re gardless of the substrate orientation, if the amorphous layer is greater than 400 %, thick. '7-u crotwins and stacking faults) dissolve upon annealing at 600 0C.1*23124 The only report of possible type-IV defects is for dislocation loops observed in the GaAs layers of implanted GaAs/AlAs superlattices.
A number of type-V defects has also been reported. Metallic precipitate formation has been reported for Sn (Ref. 26) and Zn (Ref. 27) implants. Sadana4 noted that dislocation loops form in Se + -implanted GaAs and first suggested that the disldcations were related to exceeding the solid solubility. Opyd et ~1.~~ noted type-V dislocation loop formation for Si + implants, and Morita and co-workers27 also observed type-V dislocation loops in Zn ' -implanted GaAs. Dislocation loops were found in annealed Sn-implanted GaAs for doses between 5X 1014 and lx 1015/cm2 by Shim, Itok, and Yamamoto.28 These dislocations might be type V or a different type of defect, as will be discussed. They also observed precipitate formation for doses of > 1 X 1015/cm2. Finally, Ar bubbles have been observed upon annealing Ar + -implanted G~As.~' This paper represents the first attempt to extend the defect classification scheme for implanted Si to the implantation of GaAs. A number of species (Be, Mg, Si, Ge, Sn), at various doses and annealing conditions, have been studied in an effort to better understand and predict the conditions that result in extended defects formation and elimination.
II. EXPERIMENTAL
Undoped Furakawa (100) liquid-encapsulated Czochralski (LEC) semi-insulating GaAs wafers were implanted with "Mg+, 'Be +, lzoSn +, 74Ge +, or 2gSi + at energies between 40. and 185 keV and doses between 1 X 1013 and 1 X 10t5/cm2. The current density varied between 0.1 and 0.4 ,uA/cm2. The implants were done at room temperature. The samples were capped with =:900-A Si3N4 by plasma-enhanced chemical-vapor deposition (PECVD) prior to furnace annealing. The furnace annealing was done between 700 and 900 "C for times from 5 min to 10 h. Both plan-view and cross-sectional TEM analysis was done on either a JEOL 200CX or JEOL 4000FX using two-beam bright field gea or g220 imaging conditions.
Ill. RESULTS Figure 1 shows plan-view TEM results of 1 x 10t4/cm2 implants at various energies after 900 "C! annealing. Category I defects are observed only in the case of Mg + or Be + implants. All dislocation loops were determined to be extrinsic. These defects persist for up to 4 h at 900 "C. For Si, Sn, and Ge no dislocation loops were observed. When the dose for the Mg implantation was reduced to 1 X 10t3/cm2 no extended defects were observed upon annealing at 900 "C for 15 min. In Fig. 2 , a cross-sectional TEM analysis combined with secondary-ion-mass spectroscopy (SIMS) profiles (same scale) show that the subthreshold defects (for a 150-keV 1 i< 1014/cm2 Mg implant) are distributed in a wide band around the original projected range.
Upon increasing the dose to 1 X 1015/cm2 the following observations were made. Implantation and annealing of Sn ' implants at a dose of 1 X 1015/cm2 is shown in cross section in Fig. 3 . Again the cross-sectional TEM and the SIMS plots are on the same scale. The as-implanted morphology shows a surface amorphous layer 700 A thick and a layer of type-II defects at 900 A below the surface. 4n-nealing at 700 "C! results in a well-defined band of precipitates as well as a layer of loops at a deeper depth. These loops are at a depth ( 1600 A) much greater than the location of the type-11 defects in the as-implanted microstructure (900 A). These loops are-therefore not type-II defects. The Sn-related dislocation loops may be a form of type-1 defects, not observed in silicon, that are related to the recoil distribution, as will be discussed. Upon additional annealing between 700 and 900 'C!, two different phenomena are observed. First, the band of precipitates was observed to move deeper into the crystal. This was confirmed by SIMS measurements and is plotted from TEM results in Fig. 4 . This motion of the precipitate band is very unusual in that it involves uphill diffusion. Second, the dislocation loops formed at 1600 A are shown to dissolve completely after 30 min at 900 "C.
Upon implantation with llO-keV Ge + at a dose of 1 x 10'5/cm2, amorphization was again observed (Fig. 5 ) with solid-phase epitaxy occurring either during the implantation process by ion-beam-induced epitaxial crystallization (IBIEC), during the S&N4 capping process or during the sample preparation process. The type-II defects are seen in a fine layer z 1000-1400 A deep. The large dislocation' loops that form upon annealing at 900 "C! are believecJ to be type-V (precipitatiop related) defects. The loops form at a depth (400-900 A) which is close to the projected range as measured by SIMS (400 A) and shallower than the type-II defects position.
For 40-keV Si implants at a dose of 1 X 101'/cm2 again any amorphous layer has been regrown either by IBIEC or during sample preparation (Fig. 6) . Between 5 and 30 min at 900 "C, defects are observed to form between 400 and 900 A deep, which is slightly deeper than the SIMS projected range of 275 A. These defects appear to be type-V defects. Further annealing results in complete elimination of this dislocation layer after 10 h at 900 "C.
IV. DISCUSSION
There are definite differences in type-1 defect formation in GaAs and Si. The threshold dose for type-1 defect formation in Si substrates does not show a strong energy or mass dependence.3 However, in GaAs there appears to be both a mass and energy dependence that may be the result of the different recoil distribution of Ga and As or differences in point-defect diffusivities. This is supported by the observation that the defects in the Mg + implant were distributed over a broad depth range whereas in implanted Si they are typically in a well-defined layer.3 A previous report by Stewart et al. of low-dose ( <10'4/cm2) 240-keV Si+ implants in GaAs also shows the type-1 defects distributed over a broader depth range (500-4000 A) .29 . . Concentration (cm? 900-C 30 minutes As-Implanted mG. 5. Cross-sectional~and plan-view (bright field gzzO) micrographs of a 1 lo-keV, 1 X 10'5/cm2 Ge + implant and the corresponding SIMS profile. The arrows in the as-implanted cross section denote the surface(s) and the type-11 defect layer (II). Note the well-defined network formation near RP upon annealing.
The SIMS results show the projected range for the 1 x 10'4/cm2 Si, Ge, and Sn implants (no defects) is approximately 380 A whereas the projected range for the Mg and Be implants is 1900 and 5000 A, respectively. We have previously reported that even Soiver-energy 20-keV Si implants show no defects at doses of 1X 10'4/cm2 upon 900 "C rapid thermal annealing (RTA)30 which would support a model that type-1 defect formation in GaAs is energy dependent. Other results for higher-energy, heavierion, 200-keV 31P + implants I5 (Rp zz 1950 A from TRIM 190) show loop formation at doses as low as 3 x 1013/cm2 and 300-keV Se+ (R z 1220 A from TRIM 190) and 240-keV Sif Rp z 2500 Af rom TRIM '90) shows a threshold dose as low as 1 X 10'3/cm2.'4~29 These results would imply that type-1 defect formation in GaAs is very sensitive to the implant energy, with the defects forming only for deeper implants. This would also support an argument that effects from the binary (Ga, As) nature of the target are more important for dislocation loop formation than the implanted ion concentration which is diluted upon increasing energy. Other Si+ and Se+ implant studies16 noted the dislocation loops formed at depths deeper than Rp which they have attributed to the migration of interstitials (implanted ions, Ga, and/or As recoils) to deeper depths prior to the nucleation of dislocation loops.
There remains an unexplained previously reported result that 120-keV Se + implants yield dislocation loops at doses as low as 3 X 10'3/cm2,'4 despite the shallower projected range (RP --524 A;, TRIM -90): This may indicate ihat defebt formation in Se + implants is somehow related to the chemistry of the ion. We are presently conducting additional studies to better determine the chemical and energy dependence of type-1 defect formation.
The dislocation loops from the 185-keV 1 X 1015jcm2 Sn+ implants (Fig. 3) form at a depth (1600 A) much greater than the position of the type-II defect layer (900 b;) in the as-implanted sample. Dislocation loop formation in Sn-implanted GaAs has also been reported by Shim and co-workers2s in this dose regime upon 900 "C annealing, although the depth of the dislocation loops was not determined. As discussed previously,3 type-II defects are ,also called end-of-range dislocation loops and form in the damaged region just below the amorphous/crystalline interface. There is no mention in the literature of type-II defect formation in GiAs. It is noted by studying the results of Opyd et al. 24 that for Si imp lants the type-II defect layer observed to form just below the amorphous/crystalline interface apparently dissolves upon annealing at 600 "C for 30 s. Our Si + and Ge + results support the observation that the type-II defects'in GaAs are very unstable. This is in stark contrast to type-II defects in -iniplanted silicon, which are known to be. quite stable.3'30 The instability of type-II defects would support the argument that the loops in the Sn-implanted sample are not type-II loops. Simula- tions using the Boltzmann transport equations developed in Ref. 32 show that after 185-keV Sn implantation, excess Ga interstitials exist from a depth of 500 to beyond 2000 A. The dislocation loops exist within this region, implying that these defects are of a new type, neither type I nor type II. If the excess Ga interstitials are responsible for extrinsic loops, then excess Ga vacvlcies should be available for Sn activation. Quantitatively, the concentration of interstitials in these loops is (from plan-view measurements) at most 2~ 1013/cm2 after 800 "C 30-min annealing. Although this may be a significant fraction of the low-temperature .activated dose, observations that the activation continues to increase at higher temperatures after the loops have dissolved" implies that if these extended defects affect the electrical activity it is only at lower annealing temperatures. These defects may be related to the variation in recoil distributions of the Ga and As, i.e., they may be a form of type-1 defects that form in a sample that has been amorphized. The loops appear to be relatively unstable with respect to "normal" type-1 or type-V defects having dissolved after 30 min at 900 "C.
It has been shown that the precipitates that form upon annealing the 1 X 1015/cm2 Sn+ implants are principally composed of the metallic P phase of tin.26 The formation of double concentration peaks upon Sn + post-implant anneals" and their subsequent motion in opposite directions toward the surface and into the bulk constitutes separate uphill diffusion processes. Surface gettering could account for the first peak, however, layer motion of the deeper peak and its associated precipitates is not well understood. In a separate experiment, the same results were obtained after rapid thermal annealing of uncapped samples, and therefore, the effect does not appear to arise from stress induced by the Si3N4 cap. It remains unclear what the driving force is for this phenomena.
In order to attribute the dislocation loops observed upon annealing 1 X 10'5/cm2 Si + and Ge + implants to precipitation-related [type V) phenomena, it is necessary to determine if the peak concentration is above the solid solubility at the anneal temperature. Much of the Rutherford backscattering (RBS) solubility studies in implanted GaAs have focused on Sn, Sb, and Te.?3,34 They conclude that the solubility generally decreases between 700 and 900 "C and varies with implant temperature. For the Si and Ge studies the 1 X 10'5/cm2 implant resulted in peak concentrations of 2 2 X 1020/cm3. The lack of solubility data for Ge makes it diEcult to predict when precipitation occurs. However, given the previously discussed observations concerning the depth of the defects (near RJ and the instability upon annealing of other kinds (type II and III) of defects, it is reasonable to conclude that the defects observed upon annealing 1 X1015/em" Ge implants are type-V defects.
For the Si implants the defect formation process at 900 "C, observed in Fig. 6 , implies the loops are type-V defects. The electrical solubility of Si in GaAs at 800-900 "C is known to saturate at <5x 1018/cm3. Above this concentration Si becomes amphoteric. The solid solubility of Si in GaAs at 900 "C as determined by RBS measurements has not been reported to the author's knowledge. From solid-source in-diffusion measurements the Si solubility has been estimated to be 10" at 900 0C,35 which is consistent with these being type-V defects. Again, the location of the defects, the instability of other types of defects, and the formation kinetics of the loops are consistent with type-V defects3 The formation of a high density of dislocations upon annealing higher-dose (> 1 x 10'5/cm2) silicon implants is consistent with previous studies." It has been previously noted 36137 that the loop morphology for higher-dose Si implants appear to vary with implant parameters such as dose rate. This is not generally observed for type-V defects formed in implanted silicon.
V. CONCLUSIONS
Type-I (subamorphization threshold) defects were shown to form upon annealing high-energy Mg and Be implants at a dose of =: 1 X 10t4/cm2. The defects-form over a broader depth range in GaAs than in silicon. GaAs appears to show a strong energ! dependence whereas Si does not. This would point to a mechanism of type-1 defect formation related to variations in the binary recoil distribution of differences in point-defect diffusivities. The type-II (end of range) defects never fully form well-defined dislocation loops and they dissolve at low temperatures (600 "C, 30 s). This is very different from implanted silicon where the end-of-range defects consistently form and are one of the most stable' forms of implantation-related extended defects. Type-III (regrowth related) defects are shown to dissolve by 700 "C 30-min .anneaIs for Sn implants. Sn, Ge, and Si all produce type-V defects after a 1 x 10"/cm2 implant. For Sn implants a fine precipitate layer formed and split into two layers. The first layer of precipitates gettered near the'surface and the second layer diffused deeper with increased annealing temperature or time. Both layers exhibit uphill diffusion. For Ge and Si implants the precipitation process results in dislocation loop formation. These type-V defects for the Si+ implants dissolve after 10 h at 900 "C. Finally, a new category of defects was observed in the 1 i< lQ15/cm2 Sri-implanted GaAs. Dislocation loops were observed at depths much greater than the amorphous/crystalline interface. It is proposed that these relatively unstable defects may be a new variation of type-1 defects that form in samples that have been amorphized.
In general, the classification scheme developed for Si implantation applies to GaAs implantation with the addition of modifications to account for the dual nature of the interstitial recoil distributions in GaAs.
